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Abstract
This article presents the experience of a team of students and academics in developing a post-graduate training program in
the new field of Synthetic Biology. Our Centre for Doctoral Training in Synthetic Biology (SynBioCDT) is an initiative funded
by the United Kingdom’s Research Councils of Engineering and Physical Sciences (EPSRC), and Biotechnology and Biological
Sciences (BBSRC). SynBioCDT is a collaboration between the Universities of Oxford, Bristol and Warwick, and has been suc-
cessfully running since 2014, training 78 students in this field. In this work, we discuss the organization of the taught, re-
search and career development training. We also address the challenges faced when offering an interdisciplinary program.
The article concludes with future directions to continue the development of the SynBioCDT.
Key words: Synthetic Biology; graduate education.
1. Introduction
Synthetic Biology is a new field that aims to engineer new or
modified biological components and systems (1–4). This subject
connects a wide range of computational and experimental
topics; typical undergraduate courses cover only some of the
disciplines embodied in Synthetic Biology. Post-graduate train-
ing of the field’s next industrial and academic leaders requires
training in all these aspects, in order to provide them with the
knowledge to make advances in this area. These skills can be
gained through theoretical and experimental modules, group
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discussions and presentations, as well as research in multidisci-
plinary environments. The United Kingdom recognized this
need early: in its 2012 Roadmap (5), the country recommended
the creation of a ‘skilled, energized and well-funded UK-wide
synthetic biology community’.
Here, we describe our experience in developing and running
a 4-year doctoral training program in Synthetic Biology,
responding to this recommendation. The Centre for Doctoral
Training in Synthetic Biology (SynBioCDT) was created in 2014,
and is currently funded through the Engineering and Physical
Sciences and the Biotechnology and Biological Sciences
Research Councils (EPSRC and BBSRC). Both the EPSRC and
BBSRC are part of UK Research and Innovation, an organization
that supports science and research in the country. The
SynBioCDT was designed as a collaboration between the
Universities of Oxford, Bristol and Warwick, and offers 6
months of taught training, followed by two 3-month exploratory
research projects. The short projects allow students to experi-
ence research in two different laboratories, enabling them to
make an informed choice on their doctoral project. The follow-
ing 3 years are aimed at a substantive research project. Our
training program is broad and of adequate depth, taking advan-
tage of the strengths of the three institutions across disciplines
and bringing together students and supervisors by promoting
the sharing of knowledge and facilities.
2. SynBioCDT: the training program
As an interdisciplinary training program, the CDT attracts and
recruits students from across the Natural Sciences,
Mathematics and Engineering (Figure 1) all of whom are keen to
undertake an interdisciplinary doctorate in Synthetic Biology.
Sixty percent of students had a Master’s degree upon starting
the program (Figure 1). The students come from around the
globe.
The taught part of the program consists of two terms and is
delivered through 14 short modules covering essential and ad-
vanced topics relevant to Synthetic Biology (Figure 2). Given the
diversity of the students’ background as shown in Figure 1, stu-
dents initially take introductory courses complementary to
their undergraduate degree to ensure all of them have the nec-
essary knowledge for further study. For example, students with
biology backgrounds study ‘Essential Mathematics’ and stu-
dents from the physical sciences and engineering/mathematics
take ‘Cells and Systems’ (Table 1). Following this period, stu-
dents are taught as a single cohort, which fosters a collaborative
and interdisciplinary working environment.
2.1 Training in computational and mathematical areas
Students are introduced to programming in C and Python
through a 2-week intensive software carpentry course which is
assessed through a short project. Afterwards, MATLAB and
mathematical modeling are introduced through demonstra-
tions and exercises. This consists of a series of lectures covering
a range of modeling frameworks for metabolism, gene expres-
sion and signaling pathways, which are implemented in the
MATLAB suite. Progress is assessed through a group project
where students are tasked to solve a simple biological question
or create a simple toolbox using MATLAB. Of note, groups must
Figure 1. Student demographics. The gender, national and academic background of the SynBioCDT for all intakes 2014–2018. N¼78. Note that in ‘academic back-
ground’ subjects are combined into their larger subject areas of biology, physical sciences (including chemical sciences and mathematics), and Engineering (abbrevi-
ated to Eng.). Nationality data are broken down by funding status; UK nationals, other European Union (EU) nationals and International students (all others who do not
qualify in the previous two groups, abbreviated to Int.).
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be interdisciplinary, namely a mixture of experimentalists and
theoreticians. Depending on the specific background of the stu-
dent, the first term finishes with either a 2-week module on
Experimental Bioscience or on Data Analysis and Statistics.
The second term of the training period focuses on key
Synthetic Biology research taught by academic and industry
experts in the field, as outlined in Table 1. These advanced
modules are taught as a single cohort, and combine mathemati-
cal and computational elements as required. Specific topics in-
clude agent-based models for probing bacterial communities,
control theory in the context of genetic feedback devices and
stochastic modeling methods applied to gene expression noise.
Assessment of these modules is formative: students carry out a
short computational project or study a paper from the litera-
ture, on which they lead a discussion.
2.2 Training in biological and biophysical areas
All members of the cohort also attend advanced modules on bi-
ological and biophysical topics. This enables them to under-
stand concepts related to synthetic circuits, DNA/RNA
nanostructures, as well as metabolic and protein engineering.
The program also features instruction related to gene cluster
discovery and genetic engineering. Importantly, students are in-
troduced to a number of software suites routinely used by syn-
thetic biologists, including Eugene (6), Visual Genetic
Engineering of Cells (GEC) (7), Cello Computer Aided Design
(CAD) (8) and Snapgene (www.snapgene.com). Recognizing the
importance of synergies between academia and industry, the
SynBioCDT also devotes a module to discussing the current
state of this discipline in a commercial setting. Agriculture, bio-
fuel production, bioremediation and other activities are dis-
sected from different frameworks, ultimately enabling students
to reason the strengths, challenges and novel applications of bi-
ological engineering.
Moreover, students travel again to Bristol and Warwick to
visit—respectively—the BrisSynBio (9) and the Warwick
Integrative Synthetic Biology centers (10). This serves two func-
tions. First, those interested in pursuing their PhD at the
Universities of Bristol and Warwick visit prospective groups and
maintain conversations with Principal Investigators (PIs).
Second, the cohort has the opportunity to interact with staff
that run facilities in the fields of microscopy, Nuclear Magnetic
Resonance (NMR), X-ray crystallography and microfluidics.
Where practicable, lectures are complemented with hands-on
sessions.
2.3 Training in experimental Synthetic Biology
One of the features that distinguishes SynBioCDT is the inclusion
of formal training in an array of experimental techniques. Even
before students carry out their project rotations, they have the
opportunity to construct and characterize genetic circuits as well
as DNA nanostructures. The reader should note the wetlab train-
ing is open-ended: in the beginning of this module, students de-
vise a hypothesis related to a standard genetic circuit.
Afterwards, they have the opportunity to engineer the key com-
ponents (promoters, ribosome binding sites and degradation
tags) to test their predictions. This module also includes a brief
introduction to biomimetic construction; here the cohort designs,
constructs and verifies—using atomic force microscopy—a DNA
nanostructure. Depending on their specific background, this ena-
bles students to learn or reinforce concepts related to molecular
cloning, microscopy, quantitative PCR and spectrophotometry.
This training is particularly relevant for students with little or no
experience in a wetlab environment, as it gives them confidence
to pursue an experimental project should they wish to do so.
2.4 ELSA training
Students are introduced to the core concepts and approaches
adopted in the ethical, legal and social aspects (ELSA) of Synthetic
Biology (11) through a series of lectures and discussion groups.
This encourages them to critically reflect on their own and
others’ assumptions about Synthetic Biology. Upon completion of
the module, students write a 3000-word essay and literature re-
view on an emerging topic of their own choosing in ELSA and
Responsible Research and Innovation (RRI) (11, 12). In past years,
essays produced by the cohort covered a diverse range of topics,
from the ethics of human gene modification to the implications
of dual-use (commercial and military) techniques.
To encourage our students to consider the impact of their
own project and to highlight that science is not isolated from
the wider social context, funds are available to support outreach
activities both locally and at UK-wide science festivals.
Figure 2. Timeline of SynBioCDT training courses in the first 6 months.
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2.5 Industrial engagement
The SynBioCDT has developed collaborations with over 10 in-
dustrial partners and, to date, more than 10 students have done
projects directly related to industry. Several laboratories hosting
SynBioCDT doctoral students have spin-out companies where
students benefit from the entrepreneurial environment. Some
scholarships follow an iCASE format, where partners provide
most of the funding and propose a project with an industrial
scope (13). During the initial CDT training year, students explore
mature applications of Synthetic Biology through a dedicated
‘Current Industrial Synthetic Biology’ module. This covers the
potential applications and challenges to commercialization in
emerging areas such as engineering of microbial communities.
In the later years of the program, a number of CDT training
events continue to take place. During these events, speakers
from industry are frequently invited to address and meet with
students. Students value these opportunities to learn more
about the state of the art in the bioprocessing and biotechnolog-
ical industries and the potential career paths available to them.
In addition to this formal training, the CDT constituent
Universities are partners of the UK’s synthetic biology accelera-
tor SynBiCITE (14), and numerous students have taken advan-
tage of courses provided there.
3. Research training (exploratory projects)
Rotation projects embrace the interdisciplinary nature of
Synthetic Biology. Students are encouraged to take full advan-
tage of their strengths, and the variety of projects offered by the
three institutions. The exploratory projects not only provide
students with an opportunity for learning new skills but also
encourage them to establish collaborations between multiple
institutions and prepare them for undertaking their substantive
doctoral project.
Research training is comprised of two exploratory projects
offered by PIs across the three institutions (see Figure 3).
Projects devised by PIs are presented to students who then
choose two of them, effectively establishing the groundwork for
their doctorate. Since the SynBioCDT has multiple partners in
the UK as well as abroad, the cohort has opportunities to estab-
lish international collaborations during their studies. The out-
come of each exploratory project is presented in a short journal
publication-style report and assessed by the supervisor and a
second assessor. Both projects often result in significant contri-
butions (see Section 5). After the research training, students
make a fully informed decision on the direction of their disser-
tation for the next 3 years.
4. Continuous and career development
training (years 2–4)
The SynBioCDT continues to provide students with support and
training after they have started their doctorate research. One
aspect of this continuous training, beyond a small taught com-
ponent, is to assist students with their academic careers
through workshops run on poster presentation skills, as well as
advice on the process of publishing papers. Courses are run
alongside these workshops covering other aspects related to
Figure 3. Timeline of SynBioCDT research training.
Figure 4. Key words from SynBioCDT student feedback.
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scientific divulgation to key stakeholders (policy makers, indus-
try and the public).
Recently, the continuous training program was enhanced
with a 2-year ‘Impact beyond academia’ module. Students are
introduced to three topics in their first year: communication
skills (teaching), public engagement and enterprise. In their sec-
ond year, cohort members choose which topic most appeals to
them and the CDT provides the appropriate training and oppor-
tunities to carry out activities within this topic. Following the
completion of the topic assignment, students are encouraged to
reflect on their experiences and learn from it in order to assist
with future endeavors beyond academia.
A unique feature of the program is the requirement for stu-
dents in their first year of research to organize an event at their
home institution. These events not only provide the opportu-
nity to discuss research with students from other institutions or
years but allow inter-cohort cohesiveness to develop despite
the CDT being multi-institutional. Students are given the free-
dom to choose what the day involves; previous events have
ranged from academic talks to a media training workshop. This
provides students with the experience of organizing an aca-
demic event and the opportunity to network within the syn-
thetic biology community. The main event of the year is the
annual Synthetic Biology CDT Summer School which all cohorts
are encouraged to attend. This is a student-led 3-day conference
where international speakers from academia, industry and sci-
ence policy are invited to talk about their work alongside the
students. There is also a public engagement aspect of the sum-
mer school: 1 year this involved workshops on digital engage-
ment through online writing as well as an opportunity to get
involved with University open days and the National iGEM
meetup. Other engagement activities included visiting local
schools and a public debate held during the Oxford Science
Festival. There are also social aspects of the summer school en-
couraging students to get to know one another as the program
encourages collaborative learning.
Through this continuous training, students are provided
with the tools to develop a wide range of transferable skills
alongside their studies creating well-rounded graduate students
who can become the next generation of industrial and academic
leaders within the field.
5. Student feedback
It is imperative that a new program actively seeks and incorpo-
rates feedback from students. This tests whether the goals of
the program are being met, and also helps quickly resolve
unanticipated issues and ensures that the experiences of a cohort
of students improve the experience of the following cohort.
Importantly, the issues students raise span from administration
to academic course structure, so to cover everything it is neces-
sary to get student feedback over a variety of time-scales and for-
mats. In the SynBioCDT, student feedback was sought through at
least four means: (i) having informal conversations throughout
the program, (ii) electing student representatives from the cohort,
(iii) online student surveys at the end of every module and (iv) an-
nual surveys. Two recurring themes from SynBioCDT student
feedback emphasize ‘confidence’ and ‘connections’ (see Figure 4).
While a 2-week module in a programming language is insuffi-
cient to become an expert in programming, the most valuable
contribution appears to be increasing student’s confidence. As
the core concepts and nomenclature in the area are explained in
detail by a lecturer or demonstrator, the barriers for students to
continue developing the skill are greatly reduced. Later during
their doctoral research, when a student discovers that they
need this skill, they know where to look, how to start and what
questions to ask for help. Students report that the training has
helped them transition between fields, enabling mathematicians
to become experimentalists and biochemists to code. This is en-
hanced by the synergistic cooperation between students during
assignments. Similarly, as students are hosted between three
different research institutions, some have helped forge and
maintain lasting academic and industrial collaborations.
Over the years students have drawn attention to the following
issues: (i) due to the various backgrounds of the students for any
given course there are beginners and experts receiving the same
content, (ii) due to the number and diversity of lecturers in the
program, not all may be familiar with content that was previously
covered, leading to some lectures assuming different levels of
background knowledge, (iii) formative assessment is a new con-
cept for most students, who expect assignments to be formally
assessed. All three points have been raised and addressed every
year by explicitly stating that (i) lecturers should ensure that the
content and pen and paper/computer exercises increases in diffi-
culty so that every student finds some questions challenging and
that all students have achieved the required level of understand-
ing by the end of each day, using help from demonstrators as
needed, so that they can benefit from the rest of the course, (ii)
lecturers should consider previous lecture notes and be flexible
when delivering the lecture content ensuring there is engage-
ment by all students (iii) students should strive to become
self-aware and autonomous in their own learning process—this
is ultimately the skill they will need during their doctorate.
Regular feedback from students has helped to improve the
SynBioCDT program over time. For example, in 2016 our students
reported that they did not have enough time between lectures
to consolidate their knowledge with further reading and re-
search, nor to prepare their best work for assignments. It was
also challenging for students to organize meetings with potential
supervisors and collaborators when they had full-time lectures
with different week-to-week schedules. In response, students
now have Wednesday afternoons free during all taught modules,
enabling them to use this time effectively as they see fit. Similar
changes to module timetabling have been made after students
suggested to better align lecture-based modules with their
respective laboratory training. A further example of program im-
provement has been communicating the resources and support
available for mental health issues (a new session for first year
students has been created, while student handbooks and the
website have been updated). These changes were the direct result
of a survey conducted by a student representative.
The experiences of students are a valuable resource for re-
fining the future development of the SynBioCDT.
6. Future developments and conclusions
To fulfill the needs of the rapidly accelerating field of synthetic
biology, our CDT has been continuously evolving to ensure the
most realistic, student orientated preparation. Industrial part-
ners from a variety of sectors have been included as collabora-
tors to make the training as relevant to the current
opportunities and technologies as possible. Going forward, our
CDT aims to reshape the training to encourage student’s further
understanding of the key challenges associated with start-up,
scale-up and process development. The future CDT training will
also support creativity and opportunities for science and inno-
vation that are in the public interest by including an enhanced
responsible research innovation component. Our CDT provides
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its students with a rich understanding of the interdisciplinary
nature of synthetic biology and fosters a wide range of skills
allowing students to address multiple challenges in this bio-
technology sector.
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